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T e l e m e t r y  implies t h e  measurement of a q u a n t i t y  from a l o c a t i o n  

The te lemet ry  t ransmiss ion  l i n k  removed from t h e  s i t e  of t h e  event. 

may be v i a  l i g h t ,  sound or electromagnet ic  radio waves. 

these modes of t ransmission,  a t t e n u a t i o n  of t he  data s i g n a l  is a 

In any of 

s e r i o u s  f a c t o r .  Inherent  w i t h  t h i s  a t t e n u a t i o n ,  i n t e r f e r e n c e  i n  

many forms is usua l ly  p re sen t ,  which p e r t u r b s  t h e  s i g n a l  information 

causing m i s i n t e r p r e t a t i o n  errors by t h e  r ece ive r .  I n . 6 r d e r  t o  

minimize the  e f f e c t s  of t he  var ious  undes i rab le  pe r tu rba t ions ,  

. *  

encoding of t h e  data a t  the  source is required.  The m a x i m u m  

* immunization t o  noise  is governed by Shannon's channel capac i ty  

theorem r e l a t i n g  t h e  minimum data recovery error t o  data bandwidth, 

no ise  power and s i g n a l  power ( re ference  1). Bas ica l ly  t he  problem 

then  is t o  u t i l i z e  a system which approaches the m a x i m u m  t ransmiss ion  

l i n k  capac i ty  and which allows a reduct ion  i n  t r a n s m i t t e r  power. 

S ince  it is u s u a l l y  both undes i rab le  and imprac t ica l  t o  send 

data f r o m  each s igna l  source over an independent t ransmiss ion  l ink ,  

t he  process  of mul t ip lex ing  is used .  Multiplexing is t h e  sending 

of more than  one source (or channel) of information over  a s i n g l e  

l i n k .  This  in te rmixing  process  may be performed either i n  frequency 

o r  t i m e .  In frequency d i v i s i o n  mui t ip iex ing  eacn channel. 03 inzor- 

mation is assigned its own band of f requencies  (or subcarrier) and 
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t h e  l i n e a r l y  added subcarriers then  modulate t he  t r ansmi t t ed  carrier. 

The r e s u l t i n g  modulation is known as FM-FM, FM-AM or FM-PM, where 

t h e  last t w o  let ters i n  the modulation nomenclature denote the 

modulation technique;  e.g., FY is frequency modulation, AM is 
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amplitude modulation and PM is phase modulation. 

Frequency d i v i s i o n  multiplexed t e l e m e t r y  is s t anda rd ly  used  

with frequency modulation t o  ga in  t h e  inhe ren t  s i g n a l  t o  noise  

improvement t h i s  technique o f f e r s  over amplitude modulation. However 

frequency modulation has s e v e r a l  disadvantages:  f i r s t ,  t h e  s i g n a l  

t o  noise  r a t i o  I s  only improved w i t h  w i d e  carrier d e v i a t i o n s  ( i . e . ,  

wide t ransmiss ion  bandwidth) and secondly, t h e  well-known *sharp 

threshold ing  phenomenon a t  l o w  s i g n a l  l e v e l s .  FM-FM-jn i t s e l f  has  

another  disadvantage i n  t h a t  guard bands of frequency, i n  which no 
* . 4  

d a t a  is allowed, must  e x i s t  between the  s u b c a r r i e r  frequency bands 

i n  order t o  allow r e l i a b l e  recovery and deciphering of t h e  data on 

t h e  r ece iv ing  end. 

The second d i v i s i o n  of data t ransmiss ion  is t ime-divis ion - --- _ . _ ,  - - e-*- __-- --- 
mult iplexing.  

p e r i o d i c  sampling (commutation) of a number o f  sources of data and 

the  assembling of these samples i n t o  a serial  data t r a i n .  Each 

source is p e r i o d i c a l l y  assigned a f i n i t e  time f o r  t ransmission.  

Examples of t ime-divis ion mult iplexing are t h e  var ious  pulsed 

TMe-divisipn mul t ip lex ing  is t h e  s e q u e n t i a l  and --__ - -- . 

t e lemet ry  systems. 

Developments i n  pu l se  modulation and pulse  coded modulation 

lagged frclcpency modulation. 

amplitude modulation-PAM; pulse  p o s i t i o n  modulation-PPM; and pu l se  

d u r a t i o n  modulation-PDM. Needless t o  say any of t h e s e  systems could 

u s e  amplitude modulation, phase modulation, or  frequency modulation 

as t h e  t ransmiss ion  scheme. These systems however r e l y  on the  

Ear ly  work i n  t h i s  f i e l d  l e d  t o  pu l se  

p r e c i s e  determinat ion of pulse  amplitude, p o s i t i o n  o r  dura t ion ,  a l l  
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of which are q u a n t i t i e s  hard t o  r e so lve  i n  t h e  presence of noise .  

In t h e  la te  40's and early ~ O ' S ,  Shannon and Hamming performed 

s t u d i e s  which p red ic t ed  t h a t  pulse  coding would have e r r o r  reducing 

p r o p e r t i e s  and which produced practical schemes of coding t o  e f f e c t  

t h e s e  p r o p e r t i e s  ( re ference  2). T h i s  system is known as pu l se  

code modulation - PCM. 
With t h e  c r i te r ia  i n  mind of designing a t e l e m e t r y  system 

which minimizes the  data recovery error and which is e f f i c i e n t  and 

reliable, pulse-frequency-modulation - PFM - w a s  developed. Pu l se  

frequency modulation, w i t h  t h e  advent of modern semiconduct&s and 

- _  . -  - - _ _  ---- 
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magnetic cores ,  has  gained a n  advantage i n  low power requirements 

and long t e r m  hardware r e l i a b i l i t y .  

A PFM s i g n a l  c o n s i s t s  of a series of time mult iplexed s e q u e n t i a l  

tone b u r s t s  of known pu l se  length.  The frequency of t h e  b u r s t  

conveys t h e  d e s i r e d  d a t a  information. Figure l a  shows t h e  pu l se  

p a t t e r n  (or  format) f o r  a t y p i c a l  N.A.S.A. Goddard Space F l i g h t  

Center PFM s i g n a l .  

sampled then  each channel would be a s soc ia t ed  w i t h  a s e p a r a t e  

frequency b u r s t  and t h e  f requencies  of these N b u r s t s  would r ep resen t  

t h e  d a t a  of t h e  s e q u e n t i a l l y  sampled channels. I n  p r a c t i c e  i n  t h e  

NASA/GSFC PFM system there are 1 6  channels  w i t h  t h e  f i r s t  channel 

If there a re  N channels (or  sources)  t o  be 

r e se rved  fo r  synchronizat ion.  P e r i o d i c  d a t a  b u r s t s  m u s t  be reserved  

f o r  synchroniza t ion  d a t a  i n  order  t o  i d e n t i f y  t h e  l o c a t i o n  of a 

p a r t i c u l a r  d a t a  source i n  the tone  b u r s t  t r a i n .  A set of 16 channels 

is known as a frame, and 16 frames complete a te lemet ry  sequence. 
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Figure l b  shows a complete t e l e m e t r y  sequence. The tone  b u r s t s  are 

t r ansmi t t ed  beginning w i t h  channel zero - frame zero and progress ing  

i n  time through frame zero ,  t h e n  t o  frame one and so f o r t h  u n t i l  a 

complete sequence has  been telemetered. Each channel is divided 

i n t o  two p a r t s .  A d a t a  channel has  equal  data and blank times. The 

blank time is t o  a l l o w  t he  contiguous f i l ter  banks u s e d  on t h e  

r ece iv ing  end t o  recover  before  t h e  next d a t a  b u r s t .  Th i s -b l ank  

t i m e  (time of no modulation) is u t i l i z e d  on the  ground t o  determine 

channel synchronizat ion . 
Explorer S e r i e s  (IMP),  have a known cons tan t  frequency tone  b u r s t ,  

ou t s ide  t h e  d a t a  frequency band, i n  t h e  blank p o r t i o n  of each channel 

f o r  channel synchronizat ion.  Channel zero has  a 3/4 channel wide 

bu r s t  fo r  frame i d e n t i f i c a t i o n  purposes. Every other channel zero 

has  a known re fe rence  tone bu r s t  (marked sync i n  f i g u r e  l b )  i d e n t i f y i n g  

the  s t a r t  of t h e  frame. The channel z e r o s  without  a reqerence b u r s t  

con ta in  one of e i g h t  d i f f e r e n t  f requencies  r ep resen t ing  a p a r t i c u l a r  

frame number: e.g., a tone r ep resen t ing  o c t a l  000 wou ld  mean frame 1. 

Thus both t h e  s ta r t  of each frame is marked as w e l l  as the number of 

t h e  frame. 

- 1  

Present  sa te l l i tes ,  notably '.(he In te rp lane tary  

As w i t h  any pulse-coded s y s t e m  s i m p l i c i t y  i n  t ransmiss ion  

hardware is pa id  f o r  i n  t h e  magnitude of synchronizat ion and decommu- 

t a t i o n  equipment r equ i r ed  a t  t h e  processing te rmina l  e With improvement 

i n  data synchronizat ion techniques and hardware a g r e a t e r  propor t ion  

of t h e  te lemet ry  may be allocated for  d a t a  t ransmiss ion .  The present  

s ta te  of t h e  ar t  al lows t h e  channel blanks, p rev ious ly  used f o r  
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channel synchronizat ion,  t o  be u t i l i z e d  f o r  da ta .  

In PFM, both analog and d i g i t a l  d a t a  may be e a s i l y  encoded. 

PCM s u f f e r s  i n  t h a t  a l l  d a t a  m u s t  be converted i n t o  d i g i t a l  form 

f o r  t ransmission.  D a t a  s i g n a l s  are encoded i n  t h e  NASA/GSFC PFM 

using pulsed oscil lators.  

whose output  frequency is d i r e c t l y  p ropor t iona l  t o  the analog 

voltage impressed a t  i ts  i n p u t , i s  used. The l i n e a r i t y  of %he 

p resen t ly  used analog o s c i l l a t o r  is better than  + 4 percent  over. 

a 3 : l  dynamic frequency range. Typica l ly  t h e  long-term accuracy 

of measurement is wi th in  1 percent .  However, short-term p r e c i s i o n  

measurements can be made t o  1/10 percent  ( re ference  3). 

For analog d a t a  a s u b c a r r i e r  o s c i l l a t o r ,  

- .  - 
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D i g i t a l  s i g n a l s  are te lemetered by combining binary b i t s  and 

p resen t ing  t h e s e  as a sirgle d i g i t  of a higher  o rde r  base. The 

p re sen t  s ta te  of the  a r t  allows encoding of three b i t s  i n t o  one 

d i g i t  t o  t h e  base e i g h t ,  or four  b i t s  i n t o  one d i g i t  t o  t h e  base 

s i x t e e n .  For example i n  t h e  base e ight  s y s t e m  one of e i g h t  f r e -  

quencies  is t r ansmi t t ed  i n  pulse  tone  form, r ep resen t ing  one of 

e i g h t  o c t a l  d i g i t a l  numbers. S imi l a r ly  i n  t he  base s i x t e e n  system 

one of s i x t e e n  tone b u r s t s  would be t ransmi t ted .  This is accomplished 

w i t h  a pu l se  d i g i t a l  s u b c a r r i e r  osci l la tor ,  whose output  v a r i e s  w i t h  

t h e  s ta tes  of t h e  t h r e e  (base e i g h t )  o r  four  (base s i x t e e n )  binary 

input  s i g n a l s .  Any of these o s c i l l a t o r s  (analog or  d ig i ta l )  may 

be commutated from channel t o  channel o r  one o s c i l l a t o r  may be used 

f o r  m o r e  t han  one channel. Since only one o s c i l l a t o r  is pulsed a t  



a time, adding add2t i o n a l  oscil lators does not  m a t e r i a l l y  affect 

the  power dra in .  

The output  of t h e  s y s t e m  t o  t h e  modulator is a square wave. 

Because of t h i s  and the  inherent d i f f i c u l t y  i n  employing phase- 

d e t e c t i o n  coherent ly  when using frequency modulation, and t h e  poor 

s i g n a l  t o  no i se  cons ide ra t ions  when using amplitude modulation, 

t h e  r f  carrier is phase modulated. Phase modulation has  t h e  

advantage t h a t  th6 ra t io  of sideband power t o  carrier-:@ewer may be 

c o n t r o l l e d  by changing the peak phase devia t ion .  I n  o rde r  t o  provide 

adequate d a t a  information, f o r  va r ious  sa te l l i t e  o r b i t s ,  t he  system 

bandwidth (frequency range of o s c i l l a t o r s ) ,  d a t a  rate (channel 

du ra t ion  i n  time) and t r a n s m i t t e r  power are adjusted.  For example, 

the  PFM te lemet ry  flown on Explorer X I 1  had 5kc t o  15kc osci l la tors  

and l O m s  b u r s t  and blank tone dura t ions .  The highly e c c e n t r i c  o r b i t  

IMP series Explorer X V I I I  and Explorer XXI have o s c i l l a t o r  frequency . 

range of 2OOcps to l k c  and 320ms b u r s t  and blank tone  du ra t ions .  

Pu l se  Frequency Modulation w a s  f i r s t  flown on Vanguard I11 (1959). 

Since t ha t  t i m e  many o t h e r  sa te l l i t es  have u t i l i z e d  PFM f o r  t h e i r  

te lemet ry .  Explorer  V I 1 1  (1960), t h e  Ionosphere D i r e c t  Measurement 

S a t e l l i t e ,  and Explorer X (1961) which measured t h e  i n t e r p l a n e t a r y  

f i e l d  both used PFM. Explorer X I 1  (1961), Explorer X I V  (1962) and 

Explorer  XV (1962) which performed continuous measurements of 

e n e r g e t i c  p a r t i c l e s  in t h e  Van Allen b e l t s  a l l  u t i l i z e d  PFM. The 

I n t e r p l a n e t a r y  Monitoring Platforms, Explorers  X V I I I  and XXI and the 

j o i n t  United Kingdom-United S t a t e s  s a t e l l i t e s  Ariel I and A r i e l  11 

have u t i l i z e d  t h i s  low-power ' l ightweight te lemetry.  
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